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Abstract

We consider & single-pass FEL amplifier, driven by
an rf-linsc followed by & damping ring for reduced
emittance, for use in generating intense coherent |ight
st wavelengths ¢ 10 nm. The dependence of the optical
gain on electron besm quality, studied with the 3-D FEL
sinulation code FELEX, is given and related to the ex-
pected power of self-amplified spontanecus emission.
Cesign issues for the damping ring to achieve the re-
quired electron beam quality sre discussed.

Introduction

The free-electron lagser sppears to be »

promising
source of

intense, coherent, short-wavelength optical
radiation. A substantial smcunt of theoretical work
has been done on lsser oscillators driven by either
slectron storage rings [1], [2) or rf-linacs [3], [4]
in order to define the electron beam quality required
for generation of light in the extreme ultraviolet
(XUWV: 10 nm - 100 nm) and the vacuum ultraviolet (VUV:
100 nm - 200 nm). These iaser osciilators will operate
in spactral regions where mirrors with appreciasble
(260%) reflectivity are available [Sl- For wavelengths
less than sbout 10 nm, it sppears that no such mirrors
are available, snd therefore one cannot conceive of
operating an FEL oacillstor.

An slternative scheme which involves no mirrors
has been suggestec [8), [7], [14]). In this scheme,
electrons are injected into one end of a very long wig-
glor magnet. he electrons radiste spontanecusiy and
that radiation is itemif further amplified by the same
alectrons ss they propagate down the wiggler. This
process is termed self-amplified spontaneous emission
(SASE). Useful asmounts cf short-wavelength radiation
can ve generated if the electron boam quality is high
enough.

Previcus studies uf this generation method [6])-(9)
havo trestod SASE aend FEL hi?hngnin emplification
phenomena Yor » zero emittance electron boam. While

sost results Meve bsen derived for sn electron beam
with no energy spre.d, some results sre available for

rectanguiar [10] (1-D theory) or Lorentrian [8]), (9]
(2-0 ry) energy spreads.
In the

present work, we make use of analytical
results and numerical 3.0 FfL gein calculations to ar-
rive ot approximete requirements on electron-beam
current, smittance, snd energy-apresd values needed to
obtain useful oemounts of radiation vis SASE in the
wavelength region ¢ 10 nm. Then, the design of a damp-
ing ring to achieve those beam quality requirements is
discussed. In generul, our conclusion is that it may
be very difficult to dooi?n an electron damping ring
which schieves the beam quaiity needed for the gener-
stion of ~B nm radiation via SASE using convantiona!
magnetic undulator technology.

*Work performed under the auspices of, and supported
by, the Division of Advanced Energy Projects of the
u.s. Depertment of Energy 0ffice of Basic Energy
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Beam quality for SASE at 4-8 nm

We now discuss our procedures to determine the re-
quired electron-beam quality. The theory ieads o an

expression for the power spectrum dP/dw of the light
genersted (Eq. (7) of Ref. 7)

PEo
E = oTs(bulu) [nA &l oo (1)

vhere v is the frequency of maximum gain, 8w = w-w_,

S(x) = oxp(-12/202), 7 = 87upN, and 9 snd 9, 8re quan-

tities of order unity. The first term represents the
amplification of a coherent signal at frequency w with

initial power spectrum %EI , and the second term repre-

sents the effective noise source for SASE (Eo is the

initial energy of a single beam electron). It there is
no coherent |light present at the entrance of the

amplifier, tnen %5‘ 2 0 and integration of (1) leads
(o]
to the following expression for the SASE power (Pob =]

Eg/lo)

’
9..
Psase = PPab W~ @
where
NA - 2£I{lo!c;x 3)

Here I is the electron current, |ef is the nggnicude of
electron’s charge, ¢ is the velocity of light, 2 =
21c/u. is the radiation wavelength, and AA/) ia the

frectional full width st o'l of the gain spectrum. The

is expressed in terms of the numbar of pariods

r
ain e
. constant

N of the constant period wiggier, o numerical

p, which is %77 in 1-d, and a characteristic dimen-
sionless parsmeter p which can be written 13
4/3 \1/2
2 1/3 .
Q 3/2 1/2 ,1/6 ]
2 R S o O
’-(nl rQ“O ) | ] ’.!‘;s

Here %' is the wiggler wavelength, " IQ\B'A'/(QNMCQ)

is the dimensionless vector potential for pesk wiggler
field B', r.in the clessical redius of the electron,

ond Mo is the electron density of the benm. G in the
Besse! function coupling constant for o p;uno-polurl;od
wiggler: G w Jo({) - Jy (€) with Cno,/ (4 20)
For » beam of peak current 1 with s Gavasinn transverse

phase space distribution and o normalized transverse
emittance [3) € the peak on-axis eiectron density o
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can be written as
ng = I B /(e , (5)

vhere m is the mass of an electron, and we have assumed
a curved-pole-face wiggler [11] with equal focusing in
the two transverse coordinates.

The oxpocto& behavior of this system is dominated
by the magnitude of p [6], [7]. We require a peak cur-
rent I = 200 A and a normalized emittance €= 3.7 x

1074 cmerad for p to be in the renge 5 - 10 x 10 3
(vith typical wiggler parsmeters). Smaller p values
would require longer wigglers in which random magnetic
field errors may become intolersbly large [12] and
degrade the amplifier’s performance. To allow SASE to
reach saturstion one needs [6), [7] & wiggler of N ~

p‘l periods (for a perfect e-beam in 1-D) although this
roquirement might be reduced if an initial input opti-
cal signal were available. Such an input signs! might

be generated by harmonic emission from » simultaneocusly
operating longer wavelength FEL oscillator.

Ou. procedure is to numerically calculate the gain

ng‘r and fractional linewidth (i)\/)) = 217 ¢ for a

small-amplitude initial coherent optical field using
the 3-D FEL simulation code FELEX [13]. We then sssume
tha g5 = 9, ond use €Eqs. (2) and (3) to obtain the

SASE power. FELEX models the emittance and energy
spread of the e-beam by propagating in 3-D a large num-
ber of simulation electrons whose initial positions and
velocities are chosen to statistically sample the
beam’s initial phase space volume. FELEX includes the
electron betatron motion and optical refraction and
diffraction, and » series of calculations for different
wavelengths is needed to .btain the gain spectrum.

In previous work on the properties of an rf-linac-
driven XUV osciliator (3], (4] we focused upon o
curvad-pole-face wiggler [11] with the following
parsmeters: wavelength A' = 1.6 cm, pesk on-axis mag-

netic field 8. = 76 T, dimensionless vector potential
o, = 1.12 and coupling constant G = 0.895.

tirst consider genera..ng radistion at 4 nm using this
wiggler and an electron beam with I = 200 A, 7 = 1804

(921.84 MaV), and € = 3.9% x 107 %cmerad. With s wig-

gler length of N » 1000, we could not obtain any usefu!
radistion output at 4 nm. However, extending the
length to 1500 periods yielded the results shown in
Table I in which the performance is calculated as »

function of the full width st e} of the (Gsussian)
energy spread A7/7.

Hence, we

We then reduced the electron energy to 750 MeV,
still retaining She samo ¢, ond I. Table II shows the

calculated SASE results for two wiggler lengths: 1000
poriods and 1800 periods.

For the three sets of data presented in Tables I
ond II, the ring design wouid be strained Lo achieve
the largest quoted energy spresds. If we solve the FEL
resonsnce condition for A_ keeping D' o 78T, Au8
nm, and 7 = 1004, we find thet A' ® 1.968 c» (a’ w130
and Q= .883). This incresses the value of p to 7.4 x

103, and we obtain the results shown in Table III.
The seme ¢  and 1 as before were used and 47/7 wan

veried.

TABLE I

SASE at 4 nm for N = 1500 and o = 5.684 x 10~*

A1/7 Peak Gain Poase (watts)
0 2.4 x 10° 2.05 x 10°
5 x 1074 7.2 x 104 6.26 x 10°
1 x 1073 5.3 x 10° 5 x 104
2 x 1073 79 102
TABLE II
SASE at & nm for p = 6.99 x 1074
A1/ Peak Cain PSASE (watts)
a) N = 1000 periods (L' = 1600 cm)
0 2.12 x 104 1.72 x 10
6.6 x 1074 7.26 x 10° 5.87 x 104
1.3 x 1073 7.76 x 10° 6.27 » 10°
b) N = 1500 periods (L' = 2400 cm)
0 6.78 x i0% 4.0 x 10
6.5 x 1074 1.12 x 108 6.7 x 10°
1.8 x 1073 2.63 x 104 1.57 x 10°
TARLE III

SASE at & nm for p = 7.4 x 1074

81/1 Pesk Gain Psase (watts)

s) N = 1000 periodn (L' = 1986.08 cm)
0 4.84 x i0* 4.28 x 10°
6.5 x 10”4 8.45 x 105 7.47 x 10*
1.7 x 1073 3.76 x 102 3.32 x 10°

b) N = 1500 periods (L, = 2079.12 cw)
0 2.42 x 107 1.76 x 10°
8.5 21074 1.3 x 10° 1.21 x 10

- L

1.7 x 1073 7.39 x 10 €.65 x 10*

These resuits show thet use’u! power levels (~50 -
150 k¥) can be obtained with a 1800-period wiggler end

on eluctron besm of 200 A pesk current, 3.9x x 10~
rmered normalized smittance, end @ Iractional energy
-grud 87/7 equal o, or alightly larper, than twice
the value of p. These conditions, including the leng
wiggler, sppesr to be very difficult to achieve.

Mulbipess soft wu-ray amplifier

Qur initisl mativation for a minyle-pass, high-
gain SASE emplifier instead of » iaser osci!lister for
wevelengths < 10 nm was prompted not only by the lack
of mirrors with retro-refinctance 2 50% (180° redirnc-
tion of the besm), hut oalso by the difficulty in



preducing an electron beam with both low emittance and
sufficiently high repetition rate. The use of an
electron damping ring to reduce %he normslized emit-
tance of high current beams produced by an rf linac

from ~25% x 10™% cmerad to ¢ 100 x 107Y cmerad s
limited to puise repetition rates of ~100 Hz by the
demping time of the ring. Even with adequate mirrors,
this rate would require an unreslistically long spacing
between resonstor mirrors. However, there is an inter-
mediate mode of operation wherein the damping ring
could produce bursts of two or three electron bunches
at 8 time for use in a multiple-pass amplifier (MPA).
The attractive features of such an MPA would be higher
output power snd/or reduced undulator length to achieve
the desired gain.

The basic requirement for the "resonator® mirrors
for a successful MPA wou!d be that they return to the
undulator entrance a large encugh fraction of the
radiation from the first electron bunch to obtain a
substantial incresse in output powsr from the second
and, possibly, third electron bunches. Even with wir-
rors with retrorefiectance as low as 10X, the MPA would
generate large incresses in power over the sgingie-pass
device. For a large fraction of the spectrs| range
from 1 to 10 nm, there appear to be a few mirror con-
figurations that would provide this reflectance {15].
An example is 8 carbon mirror in 8 multifsceted con-
figurstion proposed by Newnas [5]. The output coupling
of the radiation would be by & hole in one mirror or
slternatively by use of a low-efficiency gratin,. The
dismeter of the hole coupler would be designed so that
the fraction of radiation transmitted would be very
small until stimulsted emission caused the substential
spatisl narrowing of the beam.

Damping ring design issues

The function of the damping ring is to reduce the
amittance and energy spread of the beam without reduc-
ing tha peak current. Two major iimitations must be
overcoms in order to obtain a low emittance, low energy
spread besm with the lsrge peak current required for
SASE at 4-6 nm: the microwave instability snd in-
trabsam scattering.

We have sxamined » large range of possible damping
ring designs with the computer code SYNCH [18]. Al of
these designs have the property thst, to achieve a very
sosl) emttance, they aiso need emall values of the
mmentum compaction factor a. The Keil-Schnel!
criterion [17] shows that the threshold current for the
microwave instebility is proportions! to the magnitude
of a. Thersfore, one needs o large value of a in order
to pro:ugnh large :uk currents, a8 required by the
FEL physics, In the ring. MHence, the requirements of
small emittance and large current sre difficult to
schieve simultansously.

%o have siso used the computer code IAP [18] ¢o

evaluste the effects of intrabeam scattering for par-
ticular ring designs. We find that the growth rate for
intrabesm scettering is proportional to the luminoaity

of the besn, and very large growth rates result for
beoms of the great |uminosity needed for soft x-rey
SASE. One possible solution of this difficulty is to
reduce the ring's demping time and so reduce the time
available for this effect. One can reduce the damping
time by incroulnf the amount of synchrotren radiation
generated per revelution. Unfortunateiy, this also in-
creases the final enorgy spread of the .

We thave found it very difficult to find » conven-

tions! damping ring design that produces the required
beam quelity. We are cont nuln? these studies by look«
ing ot eother possible !attico designs which may

clircumvent Srese problems.
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